[1] Enhanced phytoplankton biomass in the wake of the Galápagos Islands is thought to result from an island-mass effect (IME) fueled by upwelling of the Equatorial Undercurrent (EUC) and by natural iron enrichment from the island platform. Annual means of five variables describing the thermocline, the pycnocline, and the availability of nitrate at the surface were derived from the World Ocean Atlas 1998 (WOA98). The first principal component of these variables explained 55.8% of the variance, corroborating that the Galápagos IME is associated with features of the EUC, mainly a shallow thermocline/pycnocline and its vertical spreading in the vicinity of the Galápagos. Regression analysis of SeaWiFSderived chlorophyll-a (chl) on the WOA98 variables indicated that the depth of the thermocline and nitrate availability explain 91.9% of the chl variance. A secondary IME of enhanced chl levels associated with the windsheltered area north of Isabela Island was evident in the residual variability.
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Introduction
[2] Biological enhancement in the vicinity of oceanic islands is a well-documented phenomenon. This ''islandmass effect'' (after Doty and Oguri [1956] ) can contribute to the productivity and potential fisheries near islands [Heywood et al., 1990; Signorini et al., 1999] , and may be significant to the global CO 2 budget [Heywood et al., 1996] . Several non-exclusive, causative mechanisms have been described: lee eddies formed by flow disturbance or by Ekman pumping [e.g., Coutis and Middleton, 1999; Barton et al., 2000] ; nutrient input from island runoff [e.g., Bucciarelli et al., 2001; Perissinotto et al., 2000] ; drainage from an internal lagoon [Sander, 1981] ; and contributions from benthic processes [Doty and Oguri, 1956; Dandonneau and Charpy, 1985] .
[3] The topographically forced upwelling of the eastward-flowing Equatorial Undercurrent (EUC) as it collides with the western side of the Galápagos Archipelago (0.5°S, 90.5°W) [Houvenaghel, 1978] has been linked to enhanced production of phytoplankton [Jimenez, 1981; Feldman, 1986; Chavez, 1989] and zooplankton [Arcos, 1981] . Once at the surface, the upwelled waters are carried westward by the South Equatorial Current (SEC), the prevailing surface flow in the region, creating a productive habitat that sometimes extends offshore for several hundred kilometers [Feldman, 1986] . Phytoplankton blooming in the wake of the Galápagos contrasts with the high-nutrient, low-chlorophyll (HNLC) conditions that persist throughout the rest of the eastern and central equatorial Pacific. It has been recently shown that while EUC upwelling is responsible for the high levels of macronutrients in the area of enhancement, input of high levels of iron derived from the island platform is necessary to support the observed bloom [Gordon et al., 1998; Lindley and Barber, 1998 ].
[4] The Galápagos are located in a hydrographically complex region due to their proximity to the Equatorial Front (located between 1°N and 2°N at the Galápagos). South of the front, equatorial upwelling brings cool and salty water to the surface, while north of the front warm, low-salinity, and stratified waters result from rainfall in the intertropical convergence zone, particularly in the Gulf of Panamá [Fiedler, 1992] . The purpose of this paper is to identify the oceanographic conditions that are conducive to the island-mass effect of the Galápagos Archipelago. Climatological water-column data are used to explain phytoplankton distributions, as measured by long-term ocean color observations from NASA's Sea-viewing Wide Fieldof-view Sensor (SeaWiFS).
Methods
[5] Annual climatologies of water-column properties describing the thermocline, the pycnocline, and the availability of nitrate for primary production were derived from the on-line version of the World Ocean Atlas 1998 (WOA98) at one-degree resolution [Conkright et al., 1998 ]. At each grid cell, 1-m vertical resolution profiles of temperature, salinity, and nitrate were obtained from the standard depth levels by cubic spline interpolation. The variables derived were: depth of the thermocline (i.e., the depth of the 20°C isotherm, or Z20); thermocline strength (i.e., the vertical distance between the 20°C and 15°C isotherms, or ZTD); maximum Brunt-Väisälä frequency (i.e., the maximum resistance to turbulent mixing in the pycnocline, or MBVF), also known as maximum buoyancy frequency; depth of the MBVF (ZMBVF), also called the depth of the pycnocline; and nitrate concentration at the surface (NO 3 ). The four physical variables (Z20, ZTD, MBVF and ZMBVF) are necessary to describe the water column because of the effect of the very low-salinity surface layer originating in the Panamá Bight, which results in some uncoupling between GEOPHYSICAL RESEARCH LETTERS, VOL. 29, NO. 23, 2134 , doi:10.1029 /2002GL016232, 2002 Copyright 2002 by the American Geophysical Union. 0094-8276/02/2002GL016232$05.00 thermocline and pycnocline strength (i.e., a weak thermocline is associated with high MBVF).
[6] A cumulative average of satellite-derived chlorophyll-a (chl) for the 4. The resolution of this product was lowered by averaging pixels to obtain a data set at one-degree resolution, compatible with the WOA98 data.
[7] A principal component analysis (PCA) was performed on the WOA98-derived water-column variables to rank their relative importance and to describe the dominant patterns of spatial variability in the study area. Multiple linear regression analysis of chl on the WOA98 variables was performed using sequential variable selection procedures to identify the best predictors of chlorophyll abundance.
Results
[8] The 4.8-yr chl average (Figure 1) indicates that values are above 0.3 mg m À3 in an equatorial band between about 3°S and 1°N, while they are lowest north of 2°N, in the oligotrophic waters north of the Equatorial Front. There are areas of elevated chl (>0.5 mg m
À3
) associated with most of the major islands. This is most pronounced on the west side of Isabela and Fernandina islands, where the area of enhancement (as defined by the 0.5 mg m À3 contour) extends westward for about 120 km and covers about 25,000 km 2 . Chl reaches a maximum mean value of 6.2 mg m À3 at the southern mouth of Canal de Bolívar, the narrow channel separating Isabela and Fernandina.
[9] Component loadings from the PCA are presented in Table 1 for the first two principal components (PC), which explain 95.5% of the variability in the data sets. The first PC (55.8%) is characterized by a shallow (deep) thermocline (Z20) and pycnocline (ZMBVF), a weak (strong) thermocline (ZTD), and low (high) pycnocline stability (MBVF), leading to high (low) surface nitrate concentrations (NO 3 ). The second PC (39.7%) contrasts high (low) pycnocline stability and a weak (strong) thermocline with a shallow (deep) pycnocline and low (high) nitrate concentrations. Depth of the thermocline does not contribute to this component (loading = À0.03). Spatially, the site scores depict an equatorial pattern for the first PC (Figure 2a ) and a NE-SW pattern for the second PC (Figure 2b) .
[10] Correlations between chl and the site scores from the PCA are r = 0.93 and r = 0.035 for the first and second PCs, respectively. Sequential variable selection in the regression analysis of chl on the original WOA98 variables consistently yielded the following model (R 2 = 0.919): 
Discussion
[11] From the perspective of long-term ocean color observations from SeaWiFS, the Galápagos IME can be described as a ''plume'' of elevated chl levels on the west side of Isabela and Fernandina islands that covers an area of about 25,000 km 2 . While this area has long been identified as the primary upwelling site of the EUC [Houvenaghel, 1978] , upwelling alone cannot explain the plume since nitrate levels in surface waters are already adequate to support phytoplankton production in this HNLC region. Gordon et al. [1998] showed that upwelled waters become significantly enriched with iron by contact with the island platform, particularly at the Canal de Bolívar, where dissolved iron concentrations of up to 3 nM were measured [Martin et al., 1994] . Lindley and Barber [1998] provided evidence that this iron input supports nitrate uptake and elevated primary production in the plume. Although the specific source of island-derived iron has not been identified, resuspension of iron-rich sediment caused by interaction of flow with topography and tidal mixing, particularly in the Canal de Bolívar and in the adjacent bays to the north and south, has been suggested [Steger et al., 1998 ]. Hydrothermal fluxes from the interior of western Galápagos volcanoes could also be an important source [cf. Signorini et al., 1999] .
[12] The westward extent of the plume of about 120 km in the SeaWiFS average compares favorably with the scale length for dissolved iron transport of 103 km estimated by Bucciarelli et al. [2001] based on the iron measurements of Gordon et al. [1998] . Outside the plume, chl values !0.3 mg m À3 in an equatorial band between 3°S and 1°N ( Figure  1 ) are explained in terms of wind-driven equatorial upwelling. The EUC has a relatively iron-rich core (0.35 nM at 200 m, 140°W), and the vertical advection of these waters supports phytoplankton growth throughout the equatorial Pacific [Gordon et al., 1997] .
[13] The site scores from the PCA (Figure 2 ) can be interpreted based on the loadings of the first two principal components (Table 1 ). The equatorial pattern of the first PC represents a shallow, weak thermocline and pycnocline associated with the EUC (Figure 2a) . The highest site scores are associated with the islands and represent the vertical spreading of the thermocline and the weakening of stratification as the EUC encounters the Galápagos. The second PC illustrates a regional NE-SW gradient in pycnocline stratification and shoaling independent of temperature, due to rainfall in the Panamá Bight (Figure 2b) . As a result, the distribution of nitrate in surface waters of the study area is closely associated with this stratification regime, as evidenced by the strong inverse relationship with maximum buoyancy frequency (r = À0.94, Figure 3a) . However, nitrate concentrations also have a somewhat weaker inverse relationship with the depth of the thermocline (r = À0.52, not shown). These correlations are consistent with the nitrate loadings onto the second and first PCs, respectively (Table 1) .
[14] Correlations between chl and the site scores only support the existence of a relationship for the first PC, which depicts features of the EUC. This suggests that the contributions of the variables to this PC (Table 1) are important for the Galápagos IME. However, while the contribution of nitrate to the first PC is relatively small (loading = 0.34), there is a clear non-linear relationship between chl and nitrate ( Figure 3b ). This is because the chl-NO 3 relationship adeptly describes the complex response of phytoplankton populations to nitrate and iron availability throughout surface waters of the study area, not only in the plume region. Chlorophyll concentrations are lowest at nitrate concentrations below about 2 mM, representing the oligotrophic conditions north of the Equatorial Front (nitrate is limiting). The high chl values found at intermediate nitrate concentrations (2 -6 mM) represent two processes. The first one is equatorial upwelling, which brings both nitrate and EUC iron to the surface and results in enhanced phytoplankton populations and some nitrate removal along the equator [Gordon et al., 1997] . The second one is the phytoplankton bloom in the plume associated with the topographic upwelling of the EUC and the island-derived iron enrichment (i.e., the Galápagos IME), also resulting in nitrate uptake. Finally, the decrease in chl levels at high nitrate concentrations (NO 3 > 6 mM) corresponds to the transition to HNLC conditions, mainly south of the equator, where excess nitrate is not removed due to iron limitation.
[15] Once the curvature in the chl-NO 3 relationship is accounted for by including a third-order polynomial for nitrate, a multiple linear regression model that includes depth of the thermocline and surface nitrate (the two variables with highest loadings in the first two PCs) appears to most adequately explain chl distributions throughout the study area. It should be noted, however, that if a climatological iron data set were available, its inclusion in the regression along with an interaction term with nitrate (NO 3 :Fe) would probably account for the observed curvature without a need for the polynomial terms.
[16] While the regression model explained a large fraction (91.9%) of the chl variance, the residual variability contained coherent spatial structures, including an area centered on the north side of Isabela Island with chl levels up to 0.11 mg m À3 above the fitted values (Figure 4 ). This area lies in the lee of Volcano Wolf, the highest elevation in the Galápagos at 1,710 m [Mouginis-Mark et al., 1996] . Given that southeast trade winds prevail in the region for most of the year, I suggest that the observed pattern is created by local Ekman pumping (and iron upwelling from beneath the pycnocline) driven by orographically modified wind stress, as has been observed for other mountainous islands in strong wind regimes [e.g., Barton et al., 2000] . This pattern represents a secondary wind-induced IME. Although the enhancement appears to be comparatively small, this lee region could be an important area of retention and recruitment for zooplankton and larval fish in Galápagos waters. ) from the multiple linear regression of log(chl) on Z20 and NO 3 (with a third-order polynomial).
